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Abstract—Failure progression of metal oxide-based surge ar-
resters in response to exposure to harmonics is modelled using the
accelerated failure time model. Multi-stress accelerated ageing
tests, with and without AC distorted voltage stress, are conducted
on arrester samples sourced from different suppliers to obtain
baseline and harmonic-factor logarithmic life and reliability
functions. A maximum likelihood approach is taken to estimating
the accelerated failure time model parameters based on the
failure time data. The modelled harmonic-factor reliabilities
prove MOV life acceleration and show multiplicative failure
progression of up to 41 times faster for a THD content of 8.52%
in the applied voltage stress.
Index Terms—Accelerated failure time, metal oxide surge
arrester, accelerated multi-stress ageing, reliability, life.
I. INTRODUCTION
CONTINUOUSLY applied ac or dc voltage stress to metaloxide surge arresters (MOSA) may increase conduction
level of thermally stimulated currents (TSC) through these
surge protection devices (SPDs) [1]− [3]. This phenomenon
is reported to be one of the triggers or major causes of
degradation-based failure mode, which negatively impacts on
the reliability and useful life of varistor-based SPDs [4]− [6].
Reduced life and/or reliability of MOSA devices has proven to
be aggravated if the constantly applied voltage stress consists
of harmonic frequencies [7] , [8]. The major shortcoming in
this finding remains the non-existence of supporting model
which may be relied upon in order to predict the accelerating
or reduction effect of harmonic distortion stresses on time
to failure (tj) and therefore on reliability [R (tj)] of MOSA
devices.
In this work, an accelerated failure time (AFT) model is
proposed to predict the progression factor of degradation-
based failure affecting metal oxide varistors (MOV) arresters
when subjected to the following stresses: fundamental volt-
age component, harmonic voltage component and thermal.
Therefore, two sets of low-voltage MOSA sourced from three
different manufacturers are tested using standard accelerated
life tests. A continuous voltage stress (with and without)
distortion is used to enable current conduction through the
test samples at constant temperature of 135oC for a test period
of 96 hours. The failure times observed and recorded during
experimental tests are treated in accordance with the IEEE
guide for statistical analysis of solid insulation breakdown
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[9]. The AFT model is then used to examine the progression
factor that influences reliability and life functions as a result of
harmonics. Results obtained indicate a baseline up to 41 times
greater than the AFT reliability for 8.52% THD content.
II. MULTI-STRESS ACCELERATED AGEING OF MOSA
The synergistic effects of various forms of stress (thermal,
electrical, radiation...) on insulators and dielectrics of power
system equipment are reported to be fundamental triggers
of ageing or degradation [10] − [14]. Electrical and thermal
stresses are simultaneously encountered in the operation of
metal oxide-based surge arresters (MOSA) [15], [16]. This
raises the need for simulating electro-thermal stress for the
purpose of reliability studies of metal oxide surge arresters
(MOSA) devices. The combined effect of these stresses is
conventionally simulated at faster rates using accelerated age-
ing or life tests [17], [18]. However, electrical stress such
as generally contemplated in accelerated ageing or life tests
assumes constantly or progressively applied DC or sinusoidal
AC voltage waveform (fundamental) [19], [20]. Yet, the in-
creased use of power electronics devices in modern power
networks has significantly influenced the quality of voltage
and/or current waveform likely to be available in electrical
circuits. Additional harmonic frequencies, if present in the
voltage stress applied to MOSA, have reportedly proven to
have some degree of influence on condition monitoring tech-
niques as well as on the reliability of metal oxide-based surge
arresters [7], [8], [21], [22]. Simulation of combined effects of
simultaneously applied distorted-voltage and thermal stresses
on metal oxide-based surge arresters has been demonstrated
in [7], [8]. Harmonic voltages are generated on the basis
of interaction between circulating non-linear currents, created
as a result of one or more power electronics components
connected across arrester samples, and the impedance of the
source [23], [24].
III. EXPERIMENTAL WORK
A. Accelerated Ageing Test
Accelerated electro-thermal ageing of MOSA devices was
experimentally designed using the Nabertherm P330 heat
chamber, the TDGC2 50 Hz AC variable voltage source and
a triac-based AC voltage controller to ensure continuously-
applied distorted AC voltage and thermal stresses. The heat
chamber was set to execute a heating program consisting of
three ramp and three holding times before settling at a constant
temperature of 135oC was achieved for a test period of 96
hours. The magnitude of continuously applied fundamental AC
2voltage stress was fixed at 85 % of varistor samples’ reference
voltage (V1mAAC). The triac-based AC voltage controller was
continuously switched on to supply a resistive-inductive load
when harmonic voltage stresses were required. The percentage
content of harmonic frequencies generated in each test case
observed is summarised in table I.
TABLE I
PERCENTAGE CONTENT OF HARMONIC FREQUENCIES GENERATED
Samples V1mAAC 0.85 V1mAAC 3rd 5th 7th THD
Case 1 205 175.25 6.24 5.58 6.63 10.68
Case 2 200 170 9.8 6.9 5.8 13.32
Case 3 228 193.8 4.5 5.5 4.7 8.52
Units V V % % % %
The voltage source was time-delayed in order to accom-
modate thermal transient related to ramp and holding times
of the heating program to settle. This enabled synchronisation
between distorted voltage and thermal stresses. High tempera-
ture conductors (1.5 mm2 Silflex) were used to connected the
TDGC2 50 Hz supply voltage source to each of the five arrester
samples mounted in parallel configuration inside the chamber
for each test-run conducted. Each of parallel sub-circuits was
protected against short circuits using a 125 mA slow-blow
fuse. The data acquisition system used to capture the times to
failure (tj) consisted of three-channel K5020 and MT250 data-
loggers. The multi-stress accelerated ageing test conducted in
this work is shown in figure 1. Therefore, accelerated ageing
Fig. 1. Multi-stress accelerated ageing test
test such as performed in this work consisted of six cases
involving three sample groups namely: BL, YW and RD. Each
group consisted of 120 sample units of which one half was
tested with harmonics and the other without.
B. Failure criteria, Data Censoring and Weibull Fitness Test
1. Failure Criteria and Data Censoring: In each of the test
cases conducted in this study, the time to failure of the tested
device, such as recorded by data acquisition equipment, was
defined as the time-period between two major events: the start
of conduction through varistors and short-circuit interruption
by a protective fuse. In order to rule out any probability
of short-circuit resulting from any reason other than varistor
degradation, change in the DC reference voltage (∆V1mADC)
of the samples was verified before and after accelerated ageing
testing in order to ensure that degradation-based failure has
occurred. The following failure criteria was therefore applied:
tj ≤ 96 hours and ∆V1mADC ≥ 5%: Failed
tj = 96 hours and ∆V1mADC < 5%: Survived
tj < 96 hours and ∆V1mADC < 5%: Spoiled
As a result of accelerated ageing procedure, times to failure
data thus obtained were extrapolated using the following
relationship [16, 17]:
tˆj = tj × 2.5
(Tt−40)
10 (1)
Where:
tˆj : is the extrapolated failure time
tj : is the actual measured failure time
Tt: is the test temperature
The number of MOSA samples that were registered as failed
(denoted as r) in each of the test cases conducted are shown
in table II.
TABLE II
NUMBER OF FAILED SAMPLES PER GROUP
Sample Groups with harmonics (r) without harmonics (r)
BL 37 27
YW 47 36
RD 56 41
2. Weibull Fitness Test and Estimation of Parameters: The
Weibull statistical distribution is usually adequate to times to
failure of life data [25]-[27]. The fitness of the data obtained
in each of the cases examined in this work can be tested using
the correlation factor. Prior to this, the percentage cumulative
probability is determined using Ross approximation [28]:
F (j, n) ≈
(
j − 0.44
n+ 0.25
)
× 100 (2)
Where:
F (j, n): is the cumulative failure probability
j: is the failure ranking
n: is the number of samples
The correlation factor C (pj , qj) can therefore be obtained
using the following function:
C (pj , qj) =
∑
(pj − p) · (qj − q)√∑
(pj − p)2 ·
∑
(qj − q)2
(3)
Where each probability of failure is assigned a value
expressed as a percentage:
3pj = ln
[
− ln
(
1− F (j, n)
100
)]
(4)
p =
∑
pj
r
(5)
And each breakdown time is assigned a value:
qj = ln
(
tˆj
)
(6)
q =
∑
qj
r
(7)
For fitness purpose, the calculated correlation factor
should be equal or higher than the critical coefficient value
[Ccritical (pj , qj)] [28]:
C (pj , qj) ≥ Ccritical (pj , qj)
Subsequent to the fitness test, the Weibull parameters (shape
and scale) can be estimated using least squares regression
techniques. This method suggests that the both the shape and
the scale parameters be determined on the basis of the slope
and the intercept of the cumulative distribution function (CDF)
such as obtained from
[
tˆj , F (j, n)
]
points [28]. The slope
m (pj , qj) and the intercept are determined using the following
relations, respectively:
m (pj , qj) =
∑
(pj − p) · (qj − q)∑
(pj − p)2
(8)
And:
Intercept = q −m (pj , qj) (9)
The shape parameter (β) can be estimated using the recip-
rocal of the slope. This leads to the following relation:
β =
1
m (pj , qj)
=
∑
(pj − p)2∑
(pj − p) · (qj − q) (10)
The scale parameter (α) may be obtained using the expo-
nential of the intercept:
α = exp [q −m (pj , qj)] (11)
C. Experimental Results
The
[
tˆj , F (j, n)
]
data-points obtained from equations (1)
and (2) are used to plot the CDF curves which are further
tested for fitness to the Weibull distribution. The CDF curves
obtained for all sample groups tested without and with
harmonics are given in figures 2, 3 and 4. However the
adequacy of the resulting CDF curves or the fitness of the
distributions obtained to the Weibull is verified by substituting
the pj and qj , obtained from equations (4) and (6) as well
as p and q from (5) and (7), into equations (3), (8), (9), (10)
and (11) for the purpose of computing respective correlation
factors and subsequently the shape and scale parameters.
These results are summarised in table III and show adequacy
of the distributions to the Weibull. Moreover, the CDF curves
demonstrate higher probability of ageing when subjected
to thermal and AC distorted voltage stresses. The Weibull
probability density function (PDF) f (t, β, α), which reveals
both the reliability and failure rate or hazard functions could
be relied upon in order to analyse further the behaviour of
MOSA samples under thermal and AC distorted stresses.
Fig. 2. CDF curves: BL without and with harmonics
The Weibull PDF
[
f
(
tˆj , β, α
)]
is expressed in terms of
the reliability R(tˆj) and failure rate or hasard h(tˆj) functions.
This is expressed using the following equation:
f
(
tˆj , β, α
)
=
β
α
·
(
tˆj
α
)β−1
· exp
(
− tˆj
α
)β
tˆj ≥ 0 (12)
Where:
exp
(
− tˆj
α
)β
= R
(
tˆj
)
(13)
And:
β
α
·
(
tˆj
α
)β−1
= h
(
tˆj
)
(14)
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CORRELATION FACTORS, SHAPE AND SCALE PARAMETERS OBTAINED
With Harmonics C (pj , qj) Ccritical (pj , qj) β α
BL 0.955857 ≈ 0.95 1.093 2746.5
YW 0.951579 ≈ 0.95 1.71 726.68
RD 0.974395 ≈ 0.96 1.8 765.22
Without Harmonics C (pj , qj) Ccritical (pj , qj) β α
BL 0.958317 ≈ 0.94 0.98 4167.6
YW 0.935602 ≈ 0.94 1.46 1103.3
RD 0.969156 ≈ 0.95 1.63 1079.4
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Fig. 3. CDF curves: YW without and with harmonics
Fig. 4. CDF curves: RD without and with harmonics
The reliability curves for each of the three sample cases
are shown in figures 5, 7 and 9. Hazard curves are shown in
figures 6, 8 and 10. It suggests lower reliability across the
observed time-points for samples subjected to thermal and
distorted AC voltage stress. The shape of the Hazard curves
in figures 6, 8 and 10 give some additional insight into MOV
failure mechanisms. It is observed that MOVs tend to have a
high infant mortality rate with a larger portion failing during
the first 100 hours of the accelerated ageing test regardless of
the presence of the harmonic stress. This change in hazard
rate forms a dog-leg shape and is indicative of a device
with several failure modes [29], which is consistent with the
previously mentioned literature on MOV failure mechanisms.
Similarly for the failure rate curves, higher failure rate across
the observed time-points could be noticed for samples under
thermal and distorted AC voltage stress.
Therefore, the experimental results thus discussed funda-
mentally suggest life or time to failure reduction of MOSA
devices as a result of AC distorted voltage stress. The AFT
model is therefore applied in an attempt to model life reduction
as a result AC distorted voltage stress.
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Fig. 5. Reliability curves: BL without and with harmonics
IV. ACCELERATED FAILURE TIME MODEL
AFT model is commonly used for the purpose of analysing
or predicting the relationship between survival data and the
covariates or predictors [30]. It is mostly found to be applied in
various fields such as medical and pharmaceutical research as
well as in manufacturing and industrial applications [31], [32].
Survival or reliability data such as used in this model should be
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Fig. 6. Failure rate curves: BL without and with harmonics
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Fig. 7. Reliability curves: YW without and with harmonics
identified to fit a particular statistical distribution (exponential,
Weibull and gamma) [33]. Therefore, the contributing effect of
harmonics-distortion on reliability of MOV devices, such as
experimentally demonstrated, could be modelled using AFT
technique. The direct effect of covariates on the survival or
reliability baseline of MOSA is expressed as follows [33, 34]:
R (tj |X) = exp
(
− tj
α
)β
· exp (bX) (15)
Where:
R(tj |X) : AFT reliability function.
exp(− tjα )β : baseline reliability function.
exp(bX) : the accelerating or reduction factor.
A logarithmic-linear transformation of equation (15) yields
the log-linear expression of the AFT model which expresses
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Fig. 8. Failure rate curves: YW without and with harmonics
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Fig. 9. Reliability curves: RD without and with harmonics
the effect of a covariate or a predictor to the failure time of
MOV devices. This is given as follows :
ln tj = µ+ bX + α · j (16)
Where:
ln tj : log value of time to failure at rank j.
µ : is the intercept.
b : is AFT regression coefficient.
X : is a covariate or predictor.
α : is the scale parameter.
j : is the random error.
The accelerating factor is fundamentally dependent on two
states of the covariates or predictors: No harmonics (X = 0)
and with harmonics (X = 1).
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Fig. 10. Failure rate curves: RD without and with harmonics
V. ESTIMATION OF THE AFT MODEL PARAMETERS
The maximum likelihood estimates of the regression coeffi-
cient, the intercept and the scale factor L (b, µ, α) is obtained
by performing accelerated failure time regression using the
Matlab AFT routine which is essentially similar to the SAS
survreg routine [35]:
L (b, µ, α) =
n∏
j=1
{fj(tj)}δj · {R(j)}1−δj (17)
Where:
fj(tj) : is the density function.
R(tj) : is the reliability function.
δj : is the event indicator.
The AFT routine used maximises the likelihood by setting
the partial derivatives of the given log-likelihood equation
indicated in (16) to zero. The resulting set of equations are then
solved using the approach of a typical constrained optimisation
problem. Since there is only one indicator (X = 1) for the
condition of harmonics, there is only one regression coefficient
b to be determined. The predictor (X = 0) only when there is
application of mains without external harmonics and is used
as a baseline indicator for the model. In the baseline case,
the AFT model reverts to the standard survival distribution
as given by equation (13). The estimates µˆ, bˆ and αˆ that
minimise the log-likelihood and maximise the likelihood using
the failure times for each sample group are given in Table
IV. It should be noted that a negative value of the regression
coefficient implies life acceleration or reliability reduction
while a positive value indicates life deceleration or enhanced
reliability [36], [37]. The resulting z-scores, p-values and
standard errors are provided in table IV. The z-scores and
p-values are test statistics that provide information about the
significance of the AFT factor i.e. harmonics. The resulting
high values of z and low p-values i.e. |z|> 1.96 and p< 0.05
with 95% confidence interval, indicate that the AFT factor (X)
or influence of harmonics on MOV reliability is statistically
significant. The overview of the methodology followed in this
paper is shown in figure 11.
Fig. 11. Overview of AFT methodology
VI. RESULTS AND DISCUSSION
For the three cases observed in this study, the estimated
value for the regression coefficient bˆ is computed to be:
−2.89531 for BL samples, −1.92106 for YW samples, and
−3.71373 for RD samples. These values quantify the reduction
in life and reliability, due to harmonics, that were initially
observed in figures 5, 7 and 9. The extent to which the baseline
reliability or time to failure is directly affected by distorted
voltage stress is determined using (15). Therefore, the life
reduction factor is found to be: 0.055 for BL samples; 0.146
for YW samples; and 0.024 for RD samples. This suggests
that a THD content of 10.68% in the applied voltage stress
accelerates life by approximately 18 times for the BL samples.
Similarly, the accelerated life is 6.8 times faster than the
baseline for YW samples for a THD content of 13.32 %, and
41 times faster for RD samples for a THD content of 8.52%.
Observing the behaviour of the AFT reliabilities shown
in figure 11, as obtained from equation (15), during the
time-interval [1, 10000] hours, it could be noted that: despite
having the least percentage harmonic content in the voltage
stress, RD samples show the worst reliability curve while YW
samples demonstrated the best reliability behaviour before tˆj
= 1000 hours, despite being stressed with the highest THD
7TABLE IV
AFT PARAMETER ESTIMATES
BL Samples
Parameters Estimates Standard Error (SE) 95% Confidence Intervals Z-scores p-values
µˆ 14.7674 0.96488 12.8762 16.6585 15.3049 7.09× 10−53
bˆ − 2.89531 1.22724 −5.30069 − 0.48992 −2.35921 0.0183
ln tˆj 1.56495 0.10732 1.35461 1.77528 14.5827 0
αˆ 4.78242 0.51323 3.87524 5.90196
L(b, µ, α) − 249.701
YW Samples
Parameters Estimates Standard Error (SE) 95% Confidence Intervals Z-scores p-values
µˆ 10.3066 0.65296 9.02682 11.5864 15.7844 3.98× 10−53
bˆ −1.92106 0.86651 −3.61942 −0.22271 − 2.21702 0.0266
ln tˆj 1.36339 0.08189 1.20288 1.5239 16.6488 0
αˆ 3.90942 0.32015 3.3297 4.59007
L(b, µ, α) −263.216
RD Samples
Parameters Estimates Standard Error (SE) 95% Confidence Intervals Z-scores p-values
µˆ 10.4756 0.46987 9.55464 11.3965 22.2948 4.148687× 10−110
bˆ −3.71373 0.60999 −4.90931 −2.51815 −6.08819 1.14194× 10−9
ln tˆj 1.08649 0.07413 0.94119 1.23178 14.6569 0
αˆ 2.96384 0.2197 2.56304 3.42731
L(b, µ, α) −271.673
content. This phenomenon could be attributed to differences
in manufacturing processes and chemical additives in the
microstructure of these arrester devices. The AFT reliability
curves are shown in figure 12.
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Fig. 12. AFT Reliability curves
VII. CONCLUSION
The AFT model is used in this study in order to evaluate
the degree or extent in which times to failure or reliability
function of MOV-based surge arresters are accelerated or
reduced as a result of distorted AC voltage stress. Failure
times data obtained from accelerated multi-stress ageing test
conducted on three samples groups are used to generate
baseline reliability. The unicovariate AFT model applied
yields the following observations:
1) The AFT model consists of an adequate technique that
could be used by both manufacturers and consumers
in order to predict the effect of one or many other
factors on the reliability of MOV-based surge arresters
and thereby ensuring the quality of surge protection
to be expected under any given applied stress conditions.
2) Higher or lower content of THD in the applied AC
distorted voltage stress may not necessarily trigger
higher or lower influence on MOV failure trends or
poor performance reliability.
3) Resilience to AC distorted voltage stress, owing to
differences in manufacturers’ sintering processes and
chemical composition of MOV microstructure, may
change patterns (high or low resilience) at any point in
time during the failure process.
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